Genetic differences between azuki bean (Vigna angularis var. angularis) and its presumed wild ancestor (V. angularis var. nipponensis) were resolved into QTL for traits associated with adaptation to their respective distinct habits. A genetic linkage map constructed using progenies from a cross between Japanese cultivated and wild azuki beans covers 92.8% of the standard azuki bean linkage map. A reciprocal translocation between cultivated and wild azuki bean parents was identified on the basis of the linkage map having a pseudolinkage group and clustering of seed productivity-related QTL with large effect near the presumed breakpoints. In total, 162 QTL were identified for 46 domestication-related traits. Domestication of azuki bean has involved a trade-off between seed number and seed size: fewer but longer pods and fewer but larger seeds on plants with shorter stature in cultivated azuki bean being at the expense of overall seed yield. Genes found related to germination and flowering time in cultivated azuki bean may confer a selective advantage to the hybrid derivatives under some ecological conditions and may explain why azuki bean has evolved as a crop complex in Japan.
U NDERSTANDING the genetics of plant adaptation to different habitats is of fundamental importance to crop improvement. The most fundamental changes that all crops have undergone are in relation to adaptation to ''the domus'' to suit the needs of humans. The genetics of traits related to fitness of species adapted to wild habitats differ from those of the same species adapted to man-made environments. For grain legumes, such as azuki beans ½Vigna angularis (Willd.) Ohwi & Ohashi, among key traits that distinguish the wild variety, var. nipponensis, from the cultivated form, var. angularis, are those related to reproductive traits particularly seed number, seed size, seed dispersal, and seed dormancy.
Azuki bean is the second most important legume in Japan after soybean. The presumed wild ancestor of cultivated azuki bean is V. angularis var. nipponensis (Yamaguchi 1992) . This wild species is distributed across a wide area from Japan, the Korean peninsula, and China to Nepal and Bhutan (Tomooka et al. 2002) . It is not known where azuki bean was domesticated, however, azuki bean exists as a crop complex in Japan where cultivated, wild, and weedy azuki bean can be found ). In addition, carbonized azuki bean seeds have been found from archaeological sites in Japan dated %4000 years ago (Maeda 1987; Yano et al. 2004) , predating archaeobotanical remains of azuki bean in China and Korea (Crawford 2006 ). Thus Japan is one possible place where azuki bean was domesticated.
In comparison with its presumed wild ancestor, cultivated azuki bean shows numerous differences in morphological and physiological traits probably associated with human selection during domestication. These differences, collectively called the domestication syndrome, result from selection over several thousands of years for adaptation to cultivated environments and human nutritional requirements and preferences (Hawkes 1983) .
Azuki bean was one of the first crops subjected to scientific plant breeding in Japan but landraces of azuki bean are still grown in Japan and are predominantly large, red-seeded genotypes. Azuki bean is grown throughout Japan but most production is in Hokkaido prefecture. Apart from in Hokkaido, Japanese farmers usually grow azuki beans on a small scale in kitchen gardens for home consumption. Wild azuki bean is not present in Hokkaido but is commonly found on the other main islands of Japan-Honshu, Kyushu, and Shikoku. Wild azuki bean is a climbing, annual, herbaceous plant generally having black-mottled seeds. It grows in disturbed habitats such as riverbanks, edges of paddy fields, and roadside verges. Landrace varieties across Japan where wild azuki bean grows might have accumulated alleles as a result of natural introgression and farmer selection.
Gene flow in a crop complex contributes to gene exchange between wild and cultivated gene pools. In various parts of Japan, where wild and cultivated azuki beans are sympatric, plants with variable phenotype are commonly found . Although wild and cultivated azuki beans are mainly self-pollinating, outcrossing between wild and cultivated azuki bean has been observed and its rate estimated at 1% (Yamamoto et al. 2006) . Some plants in wild populations have been shown to have genes from cultivated azuki bean (Wang et al. 2004) . These facts suggest that natural crossing among components of this crop complex is a regular occurrence. The population dynamics of introgressed wild populations is largely affected by the fitness of hybrids and their derivatives in natural conditions (Ellstrand et al. 1999) .
During the process of domestication wild plants and selections from wild populations likely hybridized and resulting variation was subjected to further cycles of human selection (Harlan 1966) . Through human selection wild plants became crops adapted to cultivation and these crops exhibit reduced fitness when growing in natural habitats. However, it is not known to what extent and what factors contribute to crop genes being a disadvantage to plants in natural conditions and why weedy forms with many cultivated genes can persist in natural conditions (Gressel 2005) . The persistence or extinction of crop genes in wild populations is dependent on whether crop genes confer advantages or disadvantages to hybrid fitness outside the cultivated environment. In addition, genetic drift may also play a role in the survival of crop genes in wild populations.
Previously we have reported the genetics of many traits related to the domestication syndrome in azuki bean based on a cross between wild and cultivated accessions from different geographic regions, Nepal and Japan, respectively (Han et al. 2005; Isemura et al. 2007 ). The first objective of the study reported here was to construct a new linkage map of azuki bean using wild and cultivated Japanese accessions to represent the azuki bean crop complex of Japan. The second objective was to analyze a broad set of traits related to the genetic dichotomy between wild and cultivated azuki beans. We particularly focus on the identification of genetic loci associated with adaptation and fitness in the distinct habitats of wild and cultivated azuki bean. These genetic loci offer insights into the dynamics of the azuki bean crop complex when pleiotropy, allometry, and epistasis of quantitative and qualitative loci are taken into consideration.
MATERIALS AND METHODS
Mapping population: An F 2 mapping population was developed from the cross between a wild azuki bean accession ( JP110658) collected in Yamanashi prefecture, Japan (35°369N, 138°429E), and an azuki bean cultivar ( JP109685 cv. KyotoDainagon) that is widely grown in Kyoto prefecture, Japan (35°N, 135°429E). The cultivated parent represents a pure line selection from a landrace and was female in the cross. The F 2 population consisted of 188 plants. The parental accessions used in the cross were obtained from the National Institute of Agrobiological Sciences Genebank (Tsukuba, Japan).
DNA extraction: Total genomic DNA in F 2 plants was extracted from 200 mg of fresh leaf tissue using the DNeasy plant mini kit (QIAGEN, Valencia, CA) . DNA concentration was adjusted to 1 and 25 ng/ml for SSR and AFLP analyses by comparing with known concentrations of standard l-DNA on 1.5% agarose gel, respectively.
SSR analysis and construction of linkage map: The SSR analysis in the F 2 population was carried out according to the method of Han et al. (2005) . In this study, 316 SSR primer pairs for azuki bean (Wang et al. 2004) , 170 from common bean (Yu et al. 2000; Gaitan-Solis et al. 2002; Blair et al. 2003; GuerraSanz 2004) and 45 from cowpea (Li et al. 2001) were screened to detect polymorphism between the two parents.
The linkage map was constructed according to the method of Han et al. (2005) . JoinMap ver. 3.0 (Van Ooijen and Voorrips 2001) was used to construct a linkage map. The recombination frequencies were converted into map distance (cM) using the Kosambi mapping function (Kosambi 1944) . After building the framework map by codominant SSR markers, dominant SSR and AFLP markers were integrated into the framework map. The resulting map revealed a cluster of SSR markers from nonhomologous linkage groups 4 and 6. To distinguish between linkage groups 4 and 6, QuadMap was used (Durrant et al. 2006) . Linkage maps were constructed with 1000 marker data files in which marker order in an original file was randomized, and then marker-pair distances, variances in marker-pair distance, and marker-pair frequencies among the 1000 maps were summarized. Among the three parameters, a cutoff score of 910 was applied to a minimum marker-pair frequency to find groups of markers. The filtered marker pairs were observed more than 910 times among 1000 linkage maps. Cutoff scores for the other two parameters, marker-pair distance and the variance, were 100 cM, which is a nonconstraint condition.
Bulked segregant analysis-amplified fragment-length polymorphism analysis: To fill a large region on linkage group 9 lacking markers, bulked segregant analysis was conducted using AFLP markers. AFLP was analyzed following the protocol of Vos et al. (1995) using AFLP core reagent kit (Invitrogen, Carlsbad, CA). On the basis of six codominant SSR loci on linkage groups 9, 14, and 16, individuals were selected from 188 F 2 plants. Total genomic DNA from 14 F 2 plants with cultivated-parent homozygous alleles and 16 F 2 plants with wild-parent homozygous alleles for all six SSR loci were combined to form two lots of bulk DNA and compared with parents using 384 primer combinations (32 EcoRI primers and 64 MseI primers in various combinations) with three selective nucleotides at the 39-end. All the PCR products were amplified using GeneAmp 9700 (Applied Biosystems, Foster City, CA). EcoRI primers, labeled with one of the following four fluorescent dyes, 6-FAM, VIC, NED, or PET (Applied Biosystems), were used. Two microliters of PCR products were mixed with 8 ml of Hi-Di formamide containing 0.6 ml GeneScan 500 LIZ size standard (Applied Biosystems) and run on an ABI Prism 3100 genetic analyzer (Applied Biosystems). Using GENEMAPPER ver. 3.0 software (Applied Biosystems), PCR products were separated into respective fragments and their sizes determined. Fragments showing polymorphisms between the two parents and between the two bulked DNA samples were identified on the basis of the presence or absence of clear and unambiguous fragments. The F 2 population was analyzed using the primer pairs showing polymorphism, and the bands of interest were scored as dominant/recessive in the F 2 individuals. The segregating AFLPs were named according to the primer combination name with the estimated molecular weight of the fragment. To fill a large region on LG9 lacking markers, bulk segregant analysis was conducted using AFLPs. Target AFLP fragments were converted into PCR-based markers (supplemental data 1 at http:/ /www.genetics.org/ supplemental/).
Trait measurement: A total of 46 traits related to fitness and domestication were evaluated (Table 1) . Of these, 43 were treated as quantitative traits and 3, epicotyl color, seed-coat color, and black mottle of seed coat, were treated as qualitative traits. The F 2 population of 188 plants, together with 10 plants of each parent, were grown in the field at the National Institute of Agrobiological Sciences (NIAS), Tsukuba, Japan, 36°29N, 140°89E, from July to November, in 2003. For the F 2:3 population, 188 lines of 10 plants per line, together with 10 plants of each parent, were grown in the field at NIAS in 2004.
The seedling traits primary leaf length (LFPL), primary leaf width (LFPW), epicotyl color (ECC), and epicotyl length (ECL) were recorded when the first trifoliate leaf opened and the vegetative traits maximum leaflet length (LFML), maximum leaflet width (LFMW), stem internode length (ST1I-ST10I), stem length (STL), stem twining (STTW), stem thickness (STT), branch number (BRN), and branch position (BRP) were recorded when the tenth trifoliate leaf was fully developed. STTW was evaluated on the basis of twining above the tenth internode. LFPL, LFPW, LFML, LFMW, and STT were evaluated in the F 2 and F 2:3 populations. All other traits were evaluated in either the F 2 or F 2:3 population (see Table 2 for details).
The seed-related traits were investigated using the seeds and pods from F 2 plants. Seed germination was investigated under three different conditions. The first experiment, seed-coat permeability (SDP), was carried out in the laboratory. Ten unscarified seeds stored at 10°for 1 year were placed on wet filter paper, incubated in the dark at 25°for 21 days, and the number of seeds that imbibed water was counted daily. The second experiment, seed germination (SDG) and days to germination of seed (SDGD), was carried out in the field from mid June, 2004. Ten unscarified seeds were sown in the field and the date of germination and number of germinated seeds was recorded. The third experiment, seed winter survival (SDWS) and days to germination of winter survival seed (SDWSGD), was carried out in the field from winter to the following spring. Ten unscarified seeds were sown in the field in December, 2004, and the date and number of germinated seeds and nongerminated hard seeds in the soil was recorded in May, 2005. Seed dimensions (SDL, SDW, and SDT) were the average of 5 seeds. The 100-seed weight (SD100WT) was evaluated using intact seeds.
The pod traits-pod length (PDL), pod width (PDW), pod dehiscence, and number of twists along the length of the dehisced pod when kept at room temperature (PDT)-were based on 10 pods. Pod dehiscence was scored as dehiscent or indehiscent on the basis of whether seeds scattered from pods in harvest envelope or not. The PDT was used as index of pod structure. The pod color (PDC) was divided into six classes according to the degree of darkness (0, light tan; 1, pale brown; 2, brown; 3, dark brown; 4, blackish brown; and 5, black).
The number of days from sowing to first flowering (FLD) was recorded in the F 2 population. The days to 25%, 50%, 75%, and 100% mature pods (PDDM25, PDDM50, PDDM75, and PDDM100) were defined as number of days from first flowering to harvesting of 25%, 50%, 75%, and 100% of pods of the total number of pods, respectively. After harvesting all pods, total pod number (PDTN), total seed number (SDTN), and total seed weight (SDTWT) were measured for each individual. The number of seeds per pod (SDNPPD) was measured using 10 pods.
Data analysis: The mean, standard deviation, and broad sense heritability were calculated, and the frequency distribution of phenotypes in F 2 and F 2:3 populations were examined for each trait (supplemental data 2 at http:/ /www.genetics. org/supplemental/). The correlation coefficient between each trait was also calculated. Path analysis, graphical linear statistical modeling, was used to further investigate the interaction between seed productivity and its related traits using Excel GM software (Ohmsha, Japan). The total seed number per plant was used as an index of seed productivity and was the dependent variable. Since stem length (the length from the eighth to tenth internodes), branch number, leaf size (the product of maximum length and width), 100-seed weight, pod length, total number of pods per plant, and seed number per pod had significant correlation with total seed number, these traits were selected as the independent variables.
QTL analysis: The QTL analysis was conducted by using the software package MultiQTL ver. 2.6 according to procedures described by Peng et al. (2003) . In brief, the entire genome was scanned for each trait using general interval mapping with the following approach. First, a single QTL model was fitted for each trait-chromosome (linkage group) combination. Chromosomewise statistical significance thresholds (a ¼ 0.001) for declaring putative QTL were obtained by 10,000 runs of a permutation test (Churchill and Doerge 1994) and parameters (position, additive and dominance effect, and the percentage of explained variance) for significant QTL were obtained. Standard deviations were estimated on the basis of 10,000 bootstrap sampling per linkage group. When the LOD graph indicated the possibility of two QTL, a two-linked QTL model (Korol et al. 1998) was fitted for each trait-chromosome combination and putative two-linked QTL was declared at the same threshold as described above. Further, the hypothesis of two-linked QTL in the chromosome (H2) was compared with single QTL (H1) at the a ¼ 0.01 level using parametric bootstrap (Ronin et al. 1999) . For the traits evaluated over two years on the same population, the single or two-linked QTL models for multiple environments ( Jansen et al. 1995) was fitted and tested using the same procedure.
Multiple interval mapping (MIM) (Kao et al. 1999) was then conducted to reduce the background variation by taking into account QTL effects from other chromosomes. On the basis of parameters defined for each putative QTL above, the chromosome was included or removed iteratively into/from the MIM model at the more stringent level of significance (a ¼ 0.01) than default. The stepwise selection of chromosomes based on significance using a permutation test was repeated until the process converged when no QTL on the remaining chromosomes were found. The QTL effects were reevaluated by fitting all positive QTL in the order of their power and by a global permutation test (10,000 runs) to get more precise estimates of significance. To correct for multiple comparisons, experimentwise significance level for all QTL was estimated on the basis of the method of Benjamini and Hogberg (1995) and QTL significant at false discovery rate (FDR) ¼ 0.05 are reported in this study.
A chi-square goodness-of-fit test for observed number of domestication-and fitness-related QTL to the expected number of QTL across each linkage group was applied to determine the random distribution of QTL with the assumption of independent gene action. To test whether or not QTL were randomly distributed along a linkage group, a Poisson distribution function P(x) ¼ e Àm m
x /x!, where x is the number of QTL per 10-cM interval and m is the average QTL density on linkage groups, was calculated.
RESULTS
Linkage map construction: SSR markers were screened to reveal polymorphism between the cultivated and wild parents. Of 316 azuki bean SSR primer Somta et al. (2006) and T. Isemura and A. Kaga (unpublished results) . In the middle of this linkage group, a cluster of three SSR markers, CEDG185, CEDG154, and CEDG086 and two morphological marker genes, epicotyl color (ecc3.4a.1) and black-mottled seed coat (sdcbm3.4a.1), from the linkage group 4 of the previous map (Han et al. 2005) was intermingled with a cluster of three SSR markers, CEDG211, CEDG282, and CEDG169, from linkage group 6 of the previous map in spite of all markers in this linkage group showing normal segregation ratios. These markers revealed genotypes related to each other and cannot be separated into two groups under the general LOD score 3.0 that is used for marker grouping but partially separated at LOD . 17. Livingstone et al. (2000) observed that markers near reciprocal translocation breakpoints clustered together with markers from both chromosomes into a single ''pseudolinkage group.'' By using QuadMap (Durrant et al. 2006) , multiple maps were constructed to find groups of markers and the presumed reciprocal translocation was evaluated using the variance in marker-pair distance among the permutated maps. A segment from CEDG074 to CEDG232 of linkage group 4 and a segment from CEDG272 to CEDG209 of linkage group 6 were consistently found among 1000 permutated codominant SSR marker maps (supplemental data 3 at http:// www.genetics.org/supplemental/). On the other hand, all intermingled markers did not consistently appear and were not clearly grouped; together these were represented as quadrivalent maps. Since the observed variance was almost 0 cM comparing to the larger variation ranging from 0 to 4283.9 cM reported by Durrant et al. (2006) , it was not possible to distinguish two translocation segments but instead intermingled markers from the two interstitial segments by the marker-pair frequency. For further analysis, the two interstitial segments (LG4a and LG6a) and two tentative translocation segments (LG4b and LG6b) were grouped using information from other linkage maps to prevent artificial genotypes in interval QTL mapping between the segments (shaded area in Figure1) . In addition, this map included a large gap in the middle of LG9 of $40 cM. To find markers to fill this gap, bulked segregant analysis was carried out on the basis of AFLP analysis. Polymorphism between parents and two samples of bulked DNA of selected F 2 individuals (see materials and methods) were screened with 384 AFLP primer pairs. In total 13,085 bands were detected, 446 (3.4%) were polymorphic between the parents. Of 446 polymorphic bands, only 21 bands from 21 primer pairs were polymorphic between the two samples of bulked F 2 DNA. The entire F 2 population was analyzed using these 21 primer pairs. Forty-one bands including the 21 bands expected to be located on LG9 segregated and were integrated into the SSR linkage map. As expected, the 21 polymorphic bands detected by bulked segregation analysis were mapped on LG9. However, only five AFLP markers were mapped in the middle region with a large gap.
Six AFLP markers on LG9 (E31M84-A329, E31M84-N331, E83M47-A125, E88M40-A123, E86M54-N075) and LG10 (E47M35-A151) were converted into STS markers. The AFLP markers E31M84-A329 and E31M84-N331 on LG9 were putatively codominant given their segregation (1:2:1) in this mapping population. The sequence of DNA in the AFLP band derived from the cultivated parent had 2 bases inserted compared to that of the wild parent. A primer pair was designed on the basis of sequence information so that this polymorphic region could be amplified and mapped as a codominant marker (E31M84-Codo). The region adjacent to AFLP marker E88M40-A123 could be amplified by anchor PCR from both parents. Comparison of the sequences of both parents revealed an insertion of 19 bases in DNA of the AFLP band derived from the cultivated parent. This polymorphic sequence was mapped as a codominant marker (E88M40-Codo). For the AFLP marker E86M54-N075, the adjacent region of this marker was characterized in both parents. Comparison of the sequences of both parents reveals that there was a restriction enzyme site for EcoRI in the sequence of wild parent. PCR product amplification using a nested genespecific primer and a nested adapter primer was treated with EcoRI to detect polymorphisms in the F 2 population. The AFLP marker E86M54-N075 was converted into a CAPS marker and mapped as a codominant marker (E86M54-Codo). The AFLP markers E83M47-A125 (LG9) and E47M35-A151 (LG10), since the adjacent region in the wild parent could not be amplified by PCR using nested gene-specific and adapter primers, were mapped on the linkage map as dominant SCAR markers (E83M47-DoA, E47M35-DoA).
As a result, a total of 233 markers, 191 SSR, 2 STS, 1 CAPS, 2 SCAR, 36 AFLP marker(s), and three morphological genes were mapped on 10 linkage groups (Figure 1) . This map spans a total length of 771.9 cM with an average marker distance of 3.48 cM, and the coverage was 92.8% of the azuki bean map reported by Han et al. (2005) .
Field data analysis: The means, standard deviation, and heritability of traits in the parental lines F 2 and F 2:3 populations are shown in Table 2 . The means of the cultivated parent were higher than those of the wild parent in SDG and SDP, whereas the means of the wild parent were higher than those of the cultivated parent in SDWS. In the cultivated parent the SDDG (summer) and SDDGWS (spring) were shorter than those of the wild parent. The PDTof the wild parent was more than that of the cultivated parent. The size of leaf, stem, seed, and pod in the cultivated parent were larger than those of the wild parent. For stem length-related traits, ECL and the ST1I-ST4I in the cultivated parent were longer than those in the wild parent, whereas the ST5I-ST10I and STL in the cultivated parent were shorter than those in the wild parent. The FLD of the cultivated parent was shorter than that for the wild parent, whereas the PDDM25-PDDM100 of the cultivated parent was longer than that for the wild parent. The SDTWT, SDTN, PDTN, and SDNPPD in the wild parent were greater than those in the cultivated parent.
The F 2 and F 2:3 populations showed a high degree of morphological and physiological variation (Table 2) . High heritability (.70%) was observed for many traits. The means of F 2 plants and F 2:3 lines fell between the means of cultivated and wild parents for all traits except for SDWS, SDDGWS, and ST4I and ST5I. Most traits showed a nearly normal distribution among lines (or plants) in these populations (supplemental data 2). Transgressive segregation was observed in FLD, SDWS, SDDGWS, SDTWT, SDNPPD, ST4I, and ST5I. The PDT and FLD showed nearly binomial distribution among lines (or plants) in these populations.
In general, there were significant positive correlations between similar or related traits such as between stem length and each internode length, between seed sizerelated traits and between yield-related traits at P # 0.05 (supplemental data 4 at http://www.genetics.org/ supplemental/). Seed, pod, stem-and leaf-size-related traits, and days to pod maturity were positively correlated with each other. On the other hand, these traits were negatively correlated with the days to flowering and seed productivity-related traits. For seed germination-related traits, SDG and SDP were positively correlated with each other but negatively correlated with SDWS at P # 0.001. PDTN and SDNPPD were highly correlated with upper internode (ST8I-ST10I) and PDL, respectively. SDTWT was highly correlated (r ¼ 0.86, P # 0.001) with the value of SDTN multiplied by SD100WT, despite these traits being evaluated separately.
The seed productivity trait, SDTN, is an important fitness-related trait. The relationship between seed productivity and related traits was investigated by path analysis (Figure 2 ). PDTN and SDNPPD showed positive direct effects (0.78 and 0.44, P # 0.05, respectively) on SDTN. The eighth to tenth upper internode length and BRN showed positive direct effects (0.24 and 0.11, P # 0.10, respectively) on PDTN, whereas leaf size (product of length and width) showed negative direct effects (À0.22, P # 0.05). PDL showed positive direct effect (0.79, P # 0.05) on SDNPPD, whereas SD100WTshowed negative direct effects (À0.41, P # 0.05). Hence longer upper internode length and many branches via total pod number indirectly increase the total seed number. Longer pod via seed number per pod increases total seed number, whereas large leaf via total pod number and large seed via seed number per pod decrease total seed number.
QTL for each trait: The results of QTL analyses for each trait in each population are shown in Table 3 , Figure 3 , and in supplemental data 5 at http://www. genetics.org/supplemental in detail. In total, 162 QTL Figure 1 .-A comparative genetic linkage map of azuki bean based on common SSR markers for crosses between Japanese azuki bean cv. Kyoto Dianagon and wild azuki bean from Japan (left) and between Japanese azuki bean cv. Tokushima landrace and wild azuki bean from Nepal (right). The linkage map on the right is modified from Han et al. (2005) . Shading in linkage group LG416 indicates the segment that was not included in QTL analysis. and three morphological marker genes are reported here for 46 domestication-and fitness-related traits. This number of QTL overestimates the total number of QTL due to the measurement of correlated traits. Generally 1-9 QTL were detected for each trait at the level of significance (a ¼ 0.01) except for BRN for which no QTL was detected.
Seed germination and seed survival (SDP, SDG, SDDG, SDWS, SDDGWS): One of the most important changes that occurred during the domestication of azuki bean was selection for reduced seed dormancy and increased seed germination after planting. It was expected that the alleles from the cultivated parent would increase the SDG, increase SDP, and decrease SDWS in field conditions. For SDG in the field, two QTL (Sdg3.1.1 and Sdg3.1.2) were found on the same linkage group 1. As expected, the allele from the cultivated parent on Sdg3.1.1 increased SDG whereas Sdg3.1.2 revealed greater overdominance than additive effect. Only one QTL (Sddg3.9.1) for SDDG with a relatively high contribution (PEV 25.8%) was found on LG9. The cultivated-parent allele accelerated germination date and was dominant over the wild-parent allele. On the basis of the laboratory assay for SDP, two QTL (Sdp3.1.1 and Sdp3.6a.1) were detected on LG1 and LG6a, respectively. Sdp3.1.1 on LG1 explained 25.9% of the phenotypic variation. The alleles of the cultivated parent additively increased SDP at Sdp3.1.1 on LG1, while alleles from the cultivated parent dominantly decreased seed-coat permeability at Sdp3.6a.1 on LG6a near the presumed reciprocal translocation breakpoint. On the basis of the field assay of SDWS, only one QTL (Sdws3.1.1, PVE 14.7%) was found near SSR marker CEDG001 on LG1. Sdws3.1.1 had greater overdominance than additive effect. The SDDGWS was controlled by a major QTL (Sddgws3.2.1, PEV 35.3%) on LG2. The cultivated-parent allele resulted in earlier germination and was dominant over the wild-parent allele.
Pod dehiscence and twist number: Pod dehiscence: Loss of pod dehiscence is advantageous for harvesting seeds while diminishing the chance for seed dispersal in natural habitats. F 2 progeny segregated for dehiscence type in the ratio 106 (dehiscent) to 34 (nondehiscent) with 48 individuals having ambiguous dehiscence type. Using data from plants with unambiguous dehiscence type a chi-square test was performed for goodness of fit to the 3:1 ratios (d.f. ¼ 1, x 2 ¼ 0.038), suggesting a single dominant gene controls pod dehiscence. The position of this gene was determined to be between markers CEDG182 and CEDG174 on LG7.
PDT: PDT was measured as a quantitative trait and may represent the force of pod dehiscence. One QTL, Pdt3.7.1, with a high contribution to this trait (74.3%) was found at the same marker interval on LG7. As expected, the allele from the cultivated parent decreased PDT.
Increase in organ size: Domestication of azuki bean has resulted in a 10-fold increase in seed weight and a 2-fold increase in pod length, stem diameter, and leaf size (Table 2) .
Seed size (SD100WT, SDL, SDW, SDT): Three to nine QTL were detected for seed size-related traits (SD100WT, SDL, SDW, and SDT) on LG1, LG2, LG5, LG6a, LG9, LG10, and LG11. As expected, all QTL alleles from the cultivated parent had an additive effect, increasing size except for one QTL on LG6a near the presumed reciprocal translocation breakpoint. Sd100wt3.6a.1 on LG6a revealed a greater dominant than additive effect. -A summary of the domestication-and fitness-related QTLs detected on each linkage group in the population derived from the cross between cultivated and wild azuki bean. The signs ''1'' and ''À'' after trait name indicate positive and negative effect of allele from cultivated azuki bean on the trait. QTLs of traits expressing overdominance are indicated with ''od''. Seed size, SD100WT, SDL, SDW, and SDT; leaf size, LFPL, LFPW, LFML, and LFMW; pod size, PDL and PDW; pod days to maturity (PDDM), PDDM25, PDDM50, PDDM75, and PDDM100.
Six QTL were detected for seed water content (SDWC) and most of the QTL were located near seed size-related QTL. All QTL alleles from the cultivated parent had the effect of increasing seed water content. Sdwc3.6a.1 on LG6a had an overdominance effect with the largest PEV.
Pod size (PDL, PDW): Eight QTL for PDL and eight QTL for PDW were found. Those affecting both traits were mainly found on LG1, LG6a, LG7, LG9, and LG10. As expected, the alleles from the cultivated parent had increasing additive effect on both PDL and PDW at most QTL positions. Interestingly, the cultivated-parent allele at Pdl3.10.1 on LG10 had the effect of decreasing the additive effect on PDL. Also, Pdl3.6a.1 and Pdw3.6a.1 with high overdominance effect were identified near the presumed reciprocal translocation breakpoints on LG6a; only Pdl3.6a.1 had reduced effect when the genotype was a heterozygote. Two QTL, Pdl3.7.1 and Pdw3.7.1, for both pod length and width were situated close to Pdt3.7.1 for pod dehiscence on LG7.
Leaf size (LFPL, LFPW, LFML, LFMW): Leaf sizerelated traits were evaluated in two generations, the F 2 and F 2:3 . For the size of primary leaf (LFPL and LFPW), six QTL were mainly detected on LG1, LG5, LG6a, LG9, and LG11 (two QTL on LG11). The alleles from the cultivated parent had a positive effect on the size at most QTL positions. Lfpl3.11.1 and Lfpw3.11.1 on LG11 revealed the largest effect for both traits in both generations analyzed. Compared to the results in the F 2 population, more QTL with a higher PEV were identified in the F 2:3 population. A high positive correlation between seed size and primary leaf was observed only in the F 2:3 population (supplemental data 4). These results suggest that the maternal effect of uniform seed size harvested from the F 1 plant is the reason for the reduced variation in primary leaf size and lower PEV found in the F 2 population.
QTL for the maximum leaf size (LFML and LFMW), were mainly detected on LG1, LG2, LG5, LG9, and LG11 (two QTL on LG1, LG5, and LG11). Among them, four QTL (Lfml3.2.1, Lfml3.5.1, Lfml3.9.1, and Lfml3.11.2) for LFML and four QTL (Lfmw3.2.1, Lfmw3.5.1, Lfmw3.9.1, and Lfml3.11.2) for LFMW are reproducible across generations and the others are conditional QTL judging from their PEV values. The alleles from the cultivated parent had a positive effect on leaf size at most QTL positions. Lfml3.9.1 and Lfmw3.9.1 on LG9 had the largest effect for both traits in both the F 2 and F 2:3 populations. Generally, QTL for primary leaf size (LFPL and LFPW) in the F 2:3 population were situated close to the QTL for maximum leaf size on LG5, LG9, and LG11.
Plant type: The lower stem of the cultivated parent including epicotyl grows longer and thicker than that of the wild parent (Table 2 ). In the middle stem, differences in the length of internodes between the cultivated and the wild parent are not marked but the wild parent has longer internodes than the cultivated parent in the upper stem. These differences have a large effect on the plant habit differences between cultivated and wild azuki bean.
STL, ECL, and ST1I-ST10I: Two QTL (Stl3.9.1 and Stl3.10.1) for STL were found on LG9 and LG10. Alleles from the cultivated parent at both QTL had the effect of reducing stem length. However, stem growth at early, middle, and late stages is controlled by different QTL, based on a comparison of parents. When each internode was measured separately, more QTL were found. As expected from stem length QTL Stl3.9.1 and Stl3.10.1, and late stem-growth stages internode lengths (sixth to tenth) QTL (St7-10i3.9.1 and St5-10i3.9.1) were consistently located at a similar map position, despite the different extents of each QTL effect. On the other hand, QTL for the first to fifth internode lengths, early to middle stem-growth stage, were mainly found on LG1, LG2, LG4b, and LG9 and at these QTL positions, alleles from the cultivated parent increased internode length. QTL for the first to third internode lengths (ST1-3I) are located close to ECL. QTL for early-to middle-stage stem growth on LG4b are located close to the breakpoint.
STT: Stem thickness was evaluated in two generations, the F 2 and F 2:3. Among four QTL identified, three QTL, Stt3.4a.1, Stt3.9.1, and Stt3.11.1 on LG4a, LG9, and LG11, are reproducible among generations. At these QTL, the alleles from the cultivated parent increased stem thickness. The QTL on LG4a and LG11 were located near flowering-time QTL.
BRN and first BRP: The wild parent produced more branches on the main stem and initiated first branching at a lower internode than the cultivated parent. In the wild parent, primary and secondary branch development occurred at later developmental stages. Only one significant QTL, Brp3.6a.1, was identified at BRP whereas no significant QTL at a ¼ 0.01 was found for BRN.
STTW: Twining habit is a characteristic trait of the wild parent enabling it to spread in natural habitats. At evaluation in the F 2 generation, the segregation ratio (149 twining:39 nontwining) fit a 3:1 inheritance ratio well (d.f. ¼ 1, x 2 ¼ 1.816), suggesting that a single dominant gene controls twining. The gene is located between CEDG166 and E88M40-Codo on LG9. Further phenotypic characterization in the F 2:3 population revealed segregation among F 3 individuals while some F 2:3 lines derived from the twining type did not show twining behavior due to incomplete gene expression at the time of the evaluation. Using the number of twining individuals per line for QTL analysis, alleles from the cultivated parent at one QTL, Sttw3.9.1, on LG9 were found to be involved in the loss of twining ability. Sttw3.9.1 was localized to the same marker interval on LG9 as above and had a PEV of 21.9%.
Phenology: Cultivated azuki bean has a long podfilling period and thus flowers earlier but matures later than wild azuki bean.
FLD:
The first flowering of the cultivated parent occurred earlier than the wild parent, 71 days compared with 84 days (Table 2) . On the basis of the frequency distribution in F 2 plants, the trait days to first flowering is controlled by a few genes. A major QTL (Fld3.4a.1, PEV 43.7%) was identified on LG4a and the recessive allele from the cultivated parent hastened flowering time mode. On the other hand, four QTL with smaller effect were found on LG2, LG3, LG5, and LG11. These alleles of the cultivated parent hastened flowering at QTL on LG2 and LG11 but delayed flowering at the others on LG3 and LG5.
Percentage of mature pods (PDDM25, PDDM50, PDDM75, PDDM100): In comparison with the wild parent, it took longer for all pods to mature in the cultivated parent. For the days to each maturity stage, three to five QTL were found on LG2, LG3, LG4a, LG6a, and LG11. The alleles from the cultivated parent that delayed maturity are on LG2, LG4a, LG6a, and LG11, while a QTL on LG3 hastened maturity. 25Pddm3.4a.1-100Pddm3.4a.1 on LG4a was consistently found as the QTL with the greatest effect at all stages and the recessive cultivated-parent allele delayed maturity like Fld3.4a. 25Pddm3.6a.1-100Pddm3.6a.1 were identified near the presumed reciprocal translocation breakpoint on LG6a.
Seed productivity (SDTN, PDTN, SDNPPD, SDTWT): The wild parent produces more pods and seeds than the cultivated parent (Table 2) . A QTL, Pdtn3.9.1 for PDTN, was identified at a similar position as a QTL for SDTN, Sdtn3.9.1 on LG9. The alleles from the cultivated parent at both QTL had a negative additive effect on these traits. On the other hand, another QTL, Pdtn3.4b.1, for PDTN near the presumed reciprocal translocation breakpoints on LG4b, had a stronger dominant effect than additive effect when the genotype was in the heterozygous state. Similarly, another QTL, Sdtn3.6a.1, for SDTN near the presumed reciprocal translocation breakpoints on LG6a, had an overdominance effect whereas the direction of the overdominance effect at Sdtn3.6a.1 was the reverse of Pdtn3.4b.1. For SDTN, an additional QTL was identified on LG10.
The wild parent has short pods but many seeds, whereas cultivated azuki bean has long pods but fewer seeds. Unexpectedly, a single QTL with a large effect on SDNPPD was identified near the presumed reciprocal translocation breakpoint on LG6a. The QTL, Sdnppd3. 6a.1, had the largest effect (55.9%) and a stronger negative overdominant effect than additive effect. The location was close to Sdtn3.6a.1 with negative dominant effect for SDTN. At QTL on LG5 and LG11, alleles from the cultivated parent had a positive effect on SDNPPD.
Although seed size of the wild parent is small, the total weight of seeds was more than that of the cultivated parent. Two QTL, Sdtwt3.5.1 and Sdtwt3.9.1, for SDTWT were found on LG5 and LG9, respectively. The alleles from the cultivated parent at Sdtwt3.9.1 on LG9 decreased the total seed weight while at Sdtwt3.5.1 on LG5, they increased the total seed weight and had a larger effect (11.5%).
Pigmentation (PDC, ECC, SDC, SDCBM): The PDC of the cultivated parent is light tan whereas the wild parent is black. Three QTL on LG4b, LG5, and LG7 are involved in PDC. The QTL, Pdc3.4b.1, with the largest effect was detected on LG4b (53.6%). Pdc3.7.1 on LG7 was found at a similar position to other pod size QTL and a pod dehiscence QTL. Significant epistatic interactions were observed between Pdc3.5.1 on LG5 and Pdc3.4b.1 on LG4b and between Pdc3.5.1 on LG5 and Pdc3.7.1 on LG7.
ECC, SDC, and SDCBM were characterized as qualitative traits (Table 2) . Purple epicotyl and black mottle on non-red seed coat from the wild parent were dominant to green epicotyl and red seed coat without black mottle from the cultivated parent in the expression of these traits. The segregation ratios for each trait fitted the expected ratio (3:1). The recessive genes for green epicotyl, red seed coat, and non-black-mottle seed coat from cultivated parent are tentatively named as ecc3.4a.1, sdc3.1.1, and sdcbm3.4a.1, respectively. The ecc3.4a.1 and sdcbm3.4a.1 genes were tightly linked together near SSR marker CEDG185 on LG4b. The gene, sdc3.1.1, for red seed coat was mapped near SSR marker CEDG053 on the LG1.
Distribution of domestication trait-related QTL across the azuki bean genome and linkage groups: Linkage group 1: Most QTL are distributed in two regions. In the first region between SSR markers CEDG053 and CEDG001 (interval $10 cM), QTL related to seed dormancy (Sdg3.1.1, Sdp3.1.1, and Sdws3.1.1), stem length at the seedling stage (Ecl3.1.1 and St1i3.1.1), and the recessive gene controlling the red seed-coat color (sdc3.1.1) were located. At these loci, alleles from the cultivated parent have the effect of reducing seed dormancy, red seed-coat color, and increasing stem length at the seedling stage. The QTL for organ size of seed (Sdwt3.1.1 etc.), pod (Pdl3.1.1 and Pdw3.1.1) and leaf (Lfpl3.1.1, Lfpw3.1.1, etc.) were found between SSR markers CEDG051 and CEDG140. Alleles from the cultivated parent had the effect of increasing organ size.
Linkage group 416: Most QTL are found in two regions. In the first region near SSR markers CEDG036 and AY1, QTL with a strong effect on flowering time (Fld3.4a.1) and maturity (25Pddm3.4a.1-100Pddm3.4a.1) were found. Alleles from the cultivated parent shorten the days to flowering but increase the period to pod maturity. QTL with a moderate effect on stem thickness, Stt3.4a.1, and total seed number, Sdtn3.4a.1, were also linked. In the second region near SSR marker CEDG037 on the LG6a segment, QTL mainly for seed, pod, and leaf size, and seed productivity-related traits were localized. Most of these QTL near the presumed reciprocal translocation breakpoints showed overdominance.
Linkage group 7: The QTL for pod dehiscence (Pdt3.7.1), pod size (Pdl3.7.1 and Pdw3.7.1), and pod color (Pdc3.7.1) were found between SSR marker CEDG182 and CEDG174. Alleles from the cultivated parent had the effect of increasing pod size and reducing pod dehiscence and coloration.
Linkage group 9: The QTL for organ size, growth habit, and yield-related traits were found in two distinct regions. In the first region between markers CEDG024 and E88M40-Codo, QTL for stem twining (Sttw3.9.1), stem-size traits (Stl3.9.1, St7i-St10i3.9.1, and Stt3.9.1), and seed productivity-related traits (Sdtwt3.9.1, Sdtn3.9.1, and Pdtn3.9.1), size of seed (Sd100wt3.9.1 etc.), leaf (Lfml3.9.1, Lfmw3.9.1, etc.), and pod (Pdl3.9.1 and Pdw3.9.1) were clustered. Alleles from the cultivated parent had the effect of reducing stem size, number of pods and seeds, and total seed weight, and increasing seed, leaf, and pod size. QTL for stem length at the seedling stage (Ecl3.1.13.9.1, St1i3.9.1, and St2i3.9.1) were located at the distal end near SSR marker CEDG228. Cultivated-parent alleles have an increasing effect on stem length.
Although it is unknown whether all 162 QTL identified for domestication-and fitness-related traits have independent gene action on each trait, the observed number of QTL was compared with the expected number of QTL calculated on the basis of each linkage group length (Table 4) . The x 2 -value was 80.2 and this value is significant at the a ¼ 0.001 level, suggesting a departure from random distribution across the azuki bean genome. The number of QTL on LG4b, LG6a, LG9, and LG11 was significantly higher than expected, whereas the number of QTL on linkage groups 3 and 8 was significantly less than the expected number. Furthermore, the number of QTL at each 10-cM interval was counted and compared to the expected values by x 2 -tests ( Table 5) . The x 2 -tests indicated a nonrandom distribution of QTL on all linkage groups except for LG2, LG5, LG8, and LG11.
DISCUSSION

Construction of linkage map:
The linkage map constructed here covers 92.8% of the standard linkage map of azuki bean, has lower marker density, and an uneven marker distribution compared to the standard linkage map (Han et al. 2005) . One reason for the differences in the two linkage maps is that the map constructed here was based on two accessions, wild and cultivated azuki bean of Japanese origin, while the standard map was based on accessions that were more genetically diverged-a Japanese cultigen and a wild accession from Nepal (Zong et al. 2003) . In the population analyzed here, a large percentage (40%) of SSR polymorphisms show a 2-bp difference between parents and no strong segregation distortion. This compares with the mapping population using an accession from Nepal that had only 12% SSR polymorphism with a 2-bp difference but 63% with a .10-bp difference. This agrees with previous reports of a high degree of genetic similarity between Japanese wild and cultivated azuki bean on the basis of isozyme (Yasuda and Yamaguchi 1996) , RAPD (Xu et al. 2000a) , and AFLP (Xu et al. 2000b) analyses.
Problems encountered in developing the linkage map here were the lack of polymorphic SSR markers a Departure from random distribution across the genome was tested under the null hypothesis in a Poisson goodness of fit. ** and *** indicate significance at 1% and 0.1% levels, respectively.
a The average QTL density on each linkage group. b The range of the number of QTL per 10-cM interval. c Departure from random distribution of QTL in each 10-cM interval was tested under the null hypothesis in a Poisson goodness of fit.
in the middle of LG9 and the identification of a pseudolinkage group LG416 (Figure1). In this population only half the number of SSR markers were mapped to LG9 compared to the previously studied mapping population (Isemura et al. 2007 ). The reason the parents used here are genetically similar on LG9 compared to the other linkage groups is not known. Since many domestication-related QTL are located on LG9, AFLP primer sets were screened enabling some markers to be found and mapped to the middle of LG9. The pseudolinkage group LG416 consists of markers from LG4 and LG6 in the previous linkage map of azuki bean (Han et al. 2005 ; Figure 1 , right), rice bean (T. Isemura and A. Kaga, unpublished results) and other related Vigna species (Somta et al. 2006) . In a simulation study Livingstone et al. (2000) reported that markers of both chromosomes near reciprocal translocation breakpoints clustered together forming a single pseudolinkage group. Markers in the present linkage map have been identified on separate nonhomologous linkage groups in other mapping populations and are present in two interstitial segments. These data suggest that a reciprocal translocation has occurred between the cultivated and wild accession used in the present study. In a maize interchange heterozygote, cross-shaped pachytene configurations between homologous segments occur (Burnham 1962) . This results in three types of meiotic segregants, alternate, adjacent-1, and adjacent-2. The adjacent-2 segregants usually produce nonviable gametes and the genotype resulting from adjacent-2 segregants was not observed in double haploid lines (Osborn et al. 2003) . In the present study, a reciprocal translocation would account for the unfertilized ovules in the pod of F 1 hybrids and F 2 progenies (discussed below). Studies of the cytological configuration, genomic in situ hybridization, and pollen viability will be required to demonstrate reciprocal translocation between LG4 and LG6 and to determine whether such a translocation occurs widely in cultivated or wild azuki bean.
Genomic regions and distribution and characteristics of QTL involved in the domestication process: Domestication genetic studies in many crops have shown that domestication traits are controlled by several major genes plus some minor genes, and these genes are generally not randomly distributed across the crop genomes (Gepts 2004) . The results of this study show that a similar situation exists in azuki bean. A few major genes plus some minor genes control most domesticationrelated traits studied. For example, two genes control seed-coat color; one QTL of large effect was found for pod shattering, twining habit, and seed dormancy. For FLD and PDDM, one QTL with large effect and 3-4 minor QTL were found. For SD100WT, SDL, and PDL, one major QTL and 2-6 minor QTL were found. These results accord with results of genetic analyses of domestication-related traits from other crops such as common bean (Koinange et al. 1996) , pearl millet (Poncet et al. 2000) , and rice (Xiong et al. 1999) . The distribution of domestication-related QTL across the azuki bean genome is shown by the clustering of QTL on LG1, LG4a, LG6a, LG7, LG9, and LG11 (Figure 3) . LG1 is associated with changes in seed coat and plant size (seed-color change, the loss of seed dormancy, and increased organ size of seeds, pods, stems, and leaves).
LG4a is associated with changes in phenology and seed productivity (hastened flowering time and reduction in the number of seeds).
LG6a is also associated with changes in seed productivity (increased seed size, delayed maturity, and reduction in the number of seeds).
LG7 is associated with changes in pods (loss of pod dehiscence and increased pod size).
LG9 is associated with changes in plant type, plant size, and seed productivity (loss of the twining, reduction of stem length, and reduction in the number and weight of seeds and pods). These results highlight the importance of major genes in domestication (Poncet et al. 2000; Wang et al. 2005) .
On LG1 and LG9, QTL for various fitness-and domestication-related traits are clustered in a narrow region (Figure 3 ). These clusters may be due to pleiotropy or close linkage of QTL. Single mutations can have a pleiotropic effect on various unrelated organs. In maize, change in inflorescence sex and number and length of the internode in lateral branches and inflorescences are distributed within a narrow genomic region (Doebley et al. 1995) . Change in these traits is due to the pleiotropic effect of tb1 based on the complementation test for tb1. In Arabidopsis, the testa color mutant gene transparent testa (tt) causes a reduction in seed weight (Debeaujon et al. 2000) . Similarly testa color mutant gene black seed (bks) in tomato decreases seed weight and increases fruit pH (Downie et al. 2003) . Thus the QTL distribution within a narrow region in this study may be explained by the pleiotropic effect of a single mutation. Further studies are required to determine whether pleiotropy and/or genetic linkage are occurring in azuki bean.
In this study, 28 of the quantitative traits measured were the same as those in the previously reported azuki bean mapping population that was based on accessions that were more genetically diverged-a Japanese cultigen and a wild accession from Nepal (Isemura et al. 2007) . It was expected that there would be a high degree of similarity between the results of previous and present studies. Of QTL or genes for the common traits, on the basis of approximate position in the linkage group $40% are considered likely to be the same (Table 3 , supplemental data 6 at http:/ /www.genetics.org/supplemental/). Hence a large number of QTL found here were not found in the previous study.
The seeds of both the cultivated and wild parents used in this study were 40-50% larger than those of parents in the previous study (Isemura et al. 2007) . This may explain, in part, the differences in number and effect of QTL between the populations studied in relation to seed size and germination. A number of QTL associated with seed and pod size were located at the breakpoint of the presumed reciprocal translocation between chromosomes 4 and 6. These QTL exhibited overdominance. Seed fertility related to the reciprocal translocation can explain the expression of the QTL at this location (see below). No seed-related QTL were found on LG6 in the previous study.
Here two QTL for seed-coat permeability were found on LG1 and LG6a compared to five QTL detected on LG1, 4, and 9 in the previous study. One QTL on LG1 appears to be common in both studies. The numerous genetic differences between this and the previous study reflect evolutionary divergence of germplasm from different locations and selection history of both wild and cultivated azuki bean. The gene pool of azuki bean therefore has abundant genetic variation for exploitation in breeding.
Seed dormancy and germination: Seed dormancy and the control of germination are traits that enable plants to survive in natural conditions where the seed environment can change rapidly. Seed dormancy is determined by multiple factors, usually divided into physical and physiological factors, and their interactions (Baskin and Baskin 2004) . Seed dormancy prevents uniform germination and reduction of seed dormancy is an important step in the domestication process. Wild azuki bean seeds have dormancy. In cultivated azuki bean, seed dormancy is not completely lost since transient escaped cultivars have been found in Japan so, weak dormancy enables them to over winter.
Physical dormancy is caused by water impermeable layers of palisade cells in the seed coat that control water movement (Finch-Savage and Leubner-Metzger 2006) . In azuki bean, water is taken up through a specific tissue, the lens (strophiolar cleft), adjacent to the hilum and from there, water is distributed through the seed coat to inner tissues (Kikuchi et al. 2006) . In other Asian Vigna, the wild species V. minima, V. dalzelliana, and V. calcarata auct. pl. have water-impermeable seed coats whereas cultivated V. umbellata does not exhibit seed dormancy. Loose lens structure in the cultivated Vigna species is an important physical difference from wild Vigna species (Gopinathan and Babu 1985) .
To determine the genetic factors that, in turn, determine physical dormancy in azuki bean, SDP was evaluated in laboratory conditions and two QTL, Sdp3.1.1 and Sdp3.6a.1, were identified on LG1 and LG6a, respectively. Sdp3.1.1 is tightly linked with the seed-coat color gene, sdc3.1.1. The same relationship has previously been observed in the cross between the genetically diverged Japanese cultigen and the wild accession from Nepal (Isemura et al. 2007) . When the genotype is the cultivated parent homozygote at sdc3.1.1 and Sdp3.1.1 the seeds have a red seed coat and increased water permeability. Thus, red seeds tend to imbibe water more rapidly than tan seeds in laboratory conditions. No QTL for SDP was found close to the other seed color gene on LG4b, sdcbm3.4.1, controlling the black mottle on seed coat.
A close relationship between seed-coat color and water permeability of the seed coat has also been reported in Arabidopsis (Debeaujon et al. 2000) and tomato (Downie et al. 2003) . In Arabidopsis the tt mutants with light testa color exhibit higher water permeability compared with the wild type. Similarly in tomato, water permeability of mutant bks was lower than that of the wild type with pale brown seed color. In Arabidopsis mutants, defects in flavonoid pigments in cell layers of the seed coat are responsible for seed color change and thin seed coat. On the other hand, in the tomato mutant, the biosynthesis and accumulation of a large quantity of melanin pigment in cell layers of the seed coat is responsible for seed color change and toughens the seed coat. Further studies are needed to determine the relationship between variation in the lens structure and the uptake of water in azuki bean and whether there is a pleiotropic effect from red seed coat.
For the SDP QTL on LG6a, the allele from the cultivated parent had a weak but dominant inhibitory effect on water uptake. This might reflect the fact that the cultivated parent has not completely lost seed dormancy. Among cultivated legumes azuki bean seeds have a relatively poor ability to take up water, and hard seed coat sometimes causes trouble for processors of the sweet azuki bean paste ''Ann'' because some seeds do not soften on boiling (Ozawa 1978) . Decline in seed moisture content in azuki bean during maturation and preharvest appears to be important in determining cooking efficiency (Hsieh et al. 1992) . On LG6a, QTL with strong effects on days to pod maturity, Pddm3.6a.1, and seed water content, Sdwc3.6a.1, were identified in a similar region. At both QTL, the alleles from the cultivated parent have a positive effect, increasing both seed water content and the time to maturity. These QTL had the same dominant effect on trait expression as the seed-coat permeability QTL. Thus, alleles from the cultivated parent related to pod and seed maturation could indirectly increase hard seed number and this could potentially be an advantage for the survival of hybrid progenies in natural habitats.
Seed germination was also evaluated in the field in two different seasons, summer and winter. Two QTL, Sdg3.1.1 and Sdws3.1.1, for SDG and SDWS were reproducibly identified near the gene for seed-coat color (sdc3.1.1) and QTL for seed-coat permeability (Sdp3. 1.1) on LG1. The lower PEV for the two germinationrelated QTL than Sdp3.1.1 reflects field environmental heterogeneity. The direction of allele effects at both germination QTL can be understood because the allele from the cultivated parent at Sdg3.1.1 promoted germination rate as well as seed-coat permeability (Sdp3.1.1) while the allele from the cultivated parent at Sdws3.1.1 for seed winter survival reduced the rate of seed survival during winter. These results suggest that a single major QTL, possibly the gene for seed-coat color, is the gene responsible for controlling physical seed dormancy. With respect to seed survival in the soil over winter the cultivated-parent allele would be a disadvantage to hybrid progenies in natural habitats.
Wild azuki bean is a summer annual; pods disperse seeds in autumn and seeds remain in the soil over winter until some germinate the following spring. The winter seed survival field experiment (SDWS) reflects better post dispersal conditions than the summer evaluation. The soil temperature for SDWS was low (average 2.3°for January and February). Most of the seeds that imbibed soil water failed to germinate at the low temperature and decayed. Generally, seeds from F 2 plants revealed low seed survival (average 20.4%) in the winter field experiment even though average seed-coat permeability was 41.8%. Thus the physical dormancy alone might not completely explain seed dormancy. The seed survival from winter to spring and subsequent germination may rely on competition (or balance) between physiological activity associated with seed dormancy and germination and microorganism activity associated with seed decay. Microorganisms interact on weed seed viability and cause depletion of seed bank (Kremer 1993) . The lens (Gopinathan and Babu 1985) and hilum (authors' observation) are thought to be a target digested by microorganisms or softened by wet and dry cycles. In the winter experimental field, fluctuation of the soil conditions where the seeds were buried was affected not only by wet and dry cycles but also by temperature variation (lowest À3°and highest 21°, average 4.9°) until first germination was observed. Cold stratification is not considered a major factor for breaking dormancy because mechanical scarification of post-harvested wild azuki bean seed coat can break seed-coat dormancy completely. However, quick germination in response to higher temperatures might enable seeds to escape microorganism degradation. Unexpectedly, the first germination in spring was observed in the hybrid progenies, followed by the cultivated parent and then the wild parent. The SDWSGD was controlled by a major QTL, Sddgws3.2.1, on LG2 (PEV 35.3%) close to flowering and maturity QTL. The effect of the cultivated-parent allele accelerates germination timing and is dominant to the wild-parent allele. Similarly, the germination in summer was controlled by a major QTL, Sddg3.9.1, on LG9 (PEV 25.8%). The cultivated-parent allele promoting quick germination is dominant to the wildparent allele. Thus alleles from the cultivated parent on Sddg3.9.1 could be advantageous for early germination.
Seed productivity: Cultivated and wild azuki bean and their hybrid progenies were evaluated for their phenotypes in field conditions to determine components of fitness. The number of seeds produced by a plant is a major determinant for survival under natural conditions. In legumes such as cowpea (Peken and Artk 2004) , common bean (Raffi and Nath 2004) , and soybean (Iqbal et al. 2003) , the number of pods and seeds per plant, number of seeds per pod, and pod length have a positive effect on seed productivity. This is also the case with cultivated and wild azuki bean. In this study seed size had a negative effect on total seed number (r ¼ À0.36 to À0.47). Similarly a significant and negative correlation (r ¼ À0.34) was observed between seed size and total seed number in common bean (Raffi and Nath 2004) . In the present study, SDTN of the cultivated parent was 10% less than the wild parent, whereas in hybrid progenies with alleles from the cultivated parent, seed productivity varied widely. Some hybrid plants produced as many seeds as the wild parent. Total seed number in the hybrid progenies showed significant and positive correlations with PDTN, SDNPPD, and ST8-10I (supplemental data 4). However, total seed number showed significant and negative correlations with seed-and leaf-size-related traits.
To elucidate the relationship among traits, path analysis was applied. On the basis of path analysis, $90% of the variation in total seed number can be directly explained by seed number per pod and total pod number (Figure 2 ). Variation in seed number per pod can be explained by 100-seed weight and pod length. The significant positive correlation between pod length and number of seeds per pod in the F 2 population was unexpected since wild azuki bean has short pods but many seeds, whereas cultivated azuki bean has long pods but fewer seeds (Table 2) . On the basis of the parental phenotype it was expected that as the pod length increased, seed number per pod would decrease. So we assume that pod length depends on mature seed number in the pod, and pods elongate in proportion to the number of developing fertilized ovules. Fertility (seeds developed compared to number of ovules) of F 2 plants with shorter pods was lower than that in plants with longer pods. Therefore, an increase of unfertilized ovules leads to a decrease in pod length. The reciprocal translocation between parents would account for the unfertilized ovules in the pod of F 1 hybrids and F 2 plants. Among three types of meiotic segregants, alternate, adjacent-1, and adjacent-2 of interchanged hybrid between such parents, the adjacent-2 segregants usually produce nonviable gametes, and high sterility has been observed on the hybrid and the progenies with interchange heterozygote in maize (Burnham 1962) . These accord well with the identification of QTL, Sdnppd3.6a.1 and Pdl3.6a.1, for seed number per pod and pod length, respectively, near the presumed translocation breakpoint on LG6a. Only when the genotype was in the heterozygous state, unlike the parents, the QTL showed a strong negative effect: a decrease in seed number per pod and pod length.
On the other hand, pod total number increases when upper internode length and branch numbers increase. Both longer upper internode and increased branch number are derived from the wild parent. Increased leaf size derived from the cultivated parent reduces the total pod number. Therefore cultivated alleles for larger seeds and leaves indirectly reduce total seed number via reduction of seed number per pod and total pod number. These results may reflect physiological constraints on the size of organs for the production and assimilation of photosynthate and trade-off in the distribution of photosynthate among various reproductive organs (Stearns 1992) .
QTL for total seed number were found on LG4a, LG6a, LG9, and LG10. These QTL were generally close to those for pod number, seed number per pod, and organ size (seed, pod, and leaf). The wild-parent allele at these QTL increase total seed number, pod number, seeds per pod, and decrease seed and pod size, while the allele from the cultivated parent has the reverse effects. The close association of these traits can be explained in part by allometry, the differential growth rates of the parts as a result of a trade-off relationship between number of organs and organ size (Sinnott 1960) . In addition, genetic linkage or pleiotropy may be involved. The presumed reciprocal translocation also might affect seed size and needs investigation in crosses involving other azuki bean accessions. A QTL (Sdtn3. 6a.1) for total seed number at the distal end on LG6a has a very low additive effect but high dominant effect. Dominant effects were found in the QTL for seed weight (Sd100wt3.6a.1). This helps explain the allometric relationship between organ number and size where reduction in seed number corresponds to an increase in seed size.
Besides the effect of organ size, path analysis suggests that stem characteristics have a large effect on seed number. Alleles derived from the cultivated parent decrease the length of upper internodes and diminish stem twining, resulting in shorter plant height. As the stem becomes shorter the number of nodes decreases and flowers are borne closer to the ground. A consequence of this might be reduced seed and pod number (Figure 2 ). The loss of twining would be a disadvantage for supporting growing plants in natural habitats where competition for light with other species is important.
The QTL for total seed and pod number with positive effect from the wild parent on LG4a were close to a QTL, Fld3.4a.1, for flowering time (PEV 43.7%) with negative effect from the cultivated parent. Although total biomass was not measured in this study, an allele for shorter time to flowering from the cultivated parent means a reduced vegetative growth period and suggests reduced total biomass, leading to lower seed production. These results suggest that azuki bean genes for increased organ (sink) size, especially seeds, and shorter growth habit are disadvantageous to plants under natural habitat with respect to seed productivity.
Fitness of hybrid progenies: Analysis of plant habit and its genetic foundation in relation to fitness of hybrid derivatives between cultivated and wild azuki bean offers several insights into the dynamics of the azuki bean crop complex. Generally crop genes are not believed to have a selective advantage in natural conditions and are expected to disappear, at least in the homozygous state, from wild populations. The data presented here suggest that genes from cultivated azuki bean reduce seed production and dormancy of wild/cultivated hybrid derivatives. Even if introgression occurs from cultivated azuki bean into wild populations, hybrid derivatives carrying disadvantageous crop genes would not become established in the wild azuki bean habitat. However, cultivated, wild, and weedy populations of azuki bean in Japan constitute a crop complex ). In addition, populations consisting of a mixture of wild and weedy phenotypes, referred to as complex populations, are reported throughout Japan (Tomooka et al. 2002) and the microhabitat structure of these complex populations in Tottori prefecture have been wellcharacterized . The hybrid progenies from the cross studied here have survived three years in experimental seminatural conditions (A. Kaga, unpublished results) . It is not known how hybrid weedy forms evolve after introgression and become established.
Genetic control for fitness-related traits occur in complex regulatory networks (Figure 3) . The QTL for most traits are observed separately on several linkage groups while two-linked QTL on the same linkage group are rare. This is especially noteworthy where we infer the combination of QTL and predict the phenotype of hybrid progenies on the basis of an independent assortment of chromosomes. Since the chromosome number of azuki bean is 11, the possible combination in the case of two QTL without crossing over is 2 11 (2048 combinations) . This suggests that many combinations with or without disadvantageous or advantageous alleles from cultivated azuki bean at various QTL will produce various phenotypes in the progenies. Since natural selection occurs on phenotypes, hybrids with various proportions of advantageous and disadvantageous alleles from cultivated azuki bean would be targets of selection depending on the proportion of these alleles. Due to the limitations of the experimental design, particularly population size due to using a wild plant, we need further studies to predict fitness performance in overlooked progenies having different gene combinations. We intend to construct a computer simulation model in relation to population dynamics based on information of fitness-related QTL such as rate of winter-survived seeds and total seed number, the genotypes of hybrid progenies, and life history characteristics. At the same time, development of recombinant inbred lines from the population in the present study is ongoing and the fitness characteristics will be evaluated in various habitats. By these approaches the probability of hybrid progeny persisting in competition with wild plants under various environmental conditions can be assessed and will enable improved understanding of how wild populations evolve into crop complexes.
This study on azuki bean has significance not only in relation to the dynamics of the crop complexes but also in relation to gene introgression. In much of Japan wild azuki bean and wild soybean are common and are sometimes sympatric. The frequency of introgression from cultivated to wild azuki bean is greater than from cultivated to wild soybean ). These differences may reflect differential gene control for fitness of hybrid progeny in the azuki bean complex compared to the soybean complex. Here a QTL, Sdp3.1.1, for seed-coat permeability with a relatively large effect was identified on LG1 near the locus controlling seed-coat color. Such a close relationship between seed germination-related QTL and seed-coat color locus is also reported in the progenies between soybean and wild soybean (Keim et al. 1990; Sakamoto et al. 2004) . Yellow seed-coat color, which is predominant in soybean, is mainly controlled by dominant suppressor gene I due to gene silencing (Todd and Vodkin 1993) . Yellow seeds imbibe water more rapidly than colored seeds and exhibit a higher exudation of sugars that affects seedling emergence (Zheng and Watanabe 2000) . Gene introgression from currently grown soybean cultivars with yellow seed coat to wild soybean might affect the fitness of hybrid progenies by reducing hard seed coat and subsequently the number of progenies. In contrast, in azuki bean the seed color change from tan to red seed coat (red is the most common in Japanese cultivated azuki beans) is controlled by a recessive gene. The direction of the seed color mutation in currently grown varieties of azuki bean is the reverse of soybean. Therefore, seeds from hybrid progenies resulting from gene introgression from cultivated to wild azuki bean might have a greater chance of survival than between cultivated and wild soybean. Tan-colored weedy azuki bean can commonly be found in Japan.
In conclusion, this study has identified the genomic regions where QTL for 46 traits related to domestication in azuki bean are found. Although the distribution of the QTL followed a common pattern of being distributed in clusters on a limited number of linkage groups, a large number were positioned in proximity to the breakpoint of a presumed translocation. The results provide details of the genetic relationship of traits related to seed characteristics that explain why azuki bean forms a crop-wild-weedy complex in Japan. The results also reveal that domestication of azuki has involved a trade-off between yield and seed size with fewer but longer pods and fewer but larger seeds on plants with shorter stature in cultivated azuki bean being at the expense of overall seed yield.
